Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines (LCLs) promise to address the challenge posed by the limited availability of primary cells needed as a source of genomic DNA for genetic studies. However, the genetic stability of LCLs following prolonged culture has never been rigorously investigated. To evaluate genotypic errors caused by EBV integration into human chromosomes, we isolated genomic DNA from human peripheral blood mononuclear cells and LCLs collected from 20 individuals and genotyped the DNA samples using the Affymetrix 500K SNP array set. Genotype concordance measurements between two sources of DNA from the same individual indicated that genotypic discordance is negligible in early-passage LCLs (o20 passages) but substantial in late-passage LCLs (450 passages). Analysis of concordance on a chromosome-bychromosome basis identified genomic regions with a high frequency of genotypic errors resulting from the loss of heterozygosity observed in late-passage LCLs. Our findings suggest that, although LCLs harvested during early stages of propagation are a reliable source of genomic DNA for genetic studies, investigations that involve genotyping of the entire genome should not use DNA from late-passage LCLs.
INTRODUCTION
High-throughput microarray-based single nucleotide polymorphism (SNP) genotyping greatly facilitates genome-wide association studies (GWAS) to identify human disease-susceptibility loci. Primary cells or tissue samples are the largest sources of genomic DNA for SNP typing. However, the limited availability of these samples restricts the ease and efficiency with which GWAS can be conducted.
Given that lymphoblastoid cell lines (LCLs), which are human B lymphocytes immortalized by in vitro infection with Epstein-Barr Virus (EBV), are a renewable source of DNA, they have emerged as a promising alternative to the use of primary cells or tissue samples as sources of human genomic DNA. Numerous genetic studies, including several GWAS currently underway worldwide, have used LCL samples as a DNA source. [1] [2] [3] [4] Although LCLs provide a permanent source of human DNA, the genetic stability of LCLs has not been thoroughly studied in the context of genetic and non-genetic factors. 5 It has been reported that LCLs were influenced by non-genetic factors such as the amount of individual response to the EBV, the history of passage in cell culture and culture conditions. 5 It is also known that the immortalization process of LCLs by EBV infection has the potential to cause changes in genetics. 6 There are several reports that focused on the genetic changes during the lymphocyte transformation. Specifically, the availability of LCL for GWAS has been primarily evaluated with regard to genotype analysis. 6 Some studies estimated that EBV-transformation process may produce minor artifacts on genomic structure and LCL would be a reliable resource for SNP genotyping and detecting copy number variation under the stringent quality control. 7, 8 Furthermore, the recent array comparative genomic hybridization analysis of the B-LCL lines and their parental B cells demonstrated that genomic stability was maintained. 9 LCL stability during the long-term subculture process, however, has been remained unclear.
In this study, we rigorously investigated whether genetic instability of LCLs might cause the accumulation of genetic modifications following their long-term subculture. Substantial genotypic errors were detected mostly in late-passage, but not in early-passage, LCLs. This suggests that LCLs harvested during early propagation stages (o40 passages) are reliable sources of genomic DNA for SNP genotyping.
MATERIALS AND METHODS Samples
The 20 LCL strains used in this study were chosen from the LCL collection of the Korean HapMap project (http://cdc.go.kr). As the first step in generating LCLs, peripheral blood samples from individuals who were 40-69 years old and part of Korean Genome Epidemiologic Study (KoGES) cohorts were subjected to Ficoll-Hypaque gradient centrifugation to obtain peripheral blood mononuclear cells (PBMCs). The PBMCs were prepared according to the protocols suggested for use with Amersham Biosciences (Freiburg, Germany). The subsequent infection of PBMCs with EBV, using procedures described elsewhere, 10 eventually generated LCLs. All LCL strains were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum at 37 1C in humidified air containing 5% CO 2 . Culture medium was replaced with fresh RPMI 1640 at each passage.
Subculture of LCLs
We used continuous subculturing to propagate LCLs until maximal end passage. 10 The maximal passage of each LCL strain was determined the cell number did not increase 4 weeks after subculture. 11 Under our culture conditions, most of the LCLs we studied stopped proliferating after 160 passages. The 17 LCLs that proliferated after this many passages were classified as immortal, and the three LC lines that stopped proliferating at passages 33, 44 and 48 were classified as non-immortal (Table 1 ). The LCL strains were grown to take about 42 years. The average lifespan of these non-immortal LCL strains was 41 ± 8 passages. We analyzed LCL samples harvested at six designated propagation stages. These samples were named LCL2 (passage 2), LCL4 (passage 4), P1 (between 10-20 passages), P41 (between 50-60 passages), P100 (between 110-120 passages) and P160 (between 170-180 passages). 10, 12, 13 
Genotyping
We genotyped PBMC and LCL samples using the GeneChip human mapping 500K array set (Affymetrix, Inc., Santa Clara, CA, USA), which comprises 500 568 SNPs on two arrays, named NSP and STY. Genotyping was performed according to the manufacturer's protocol.
Examination of genotype concordance
Genotypes of all samples were called using the Affymetrix BRLMM algorithm. 14 We examined the genotype concordance between PBMCs and LCLs derived from the same individual by using identity-by-state (IBS) analysis. 15 Pairwise IBS distances between PBMC and LCL were calculated for each of the NSP and STY arrays separately, as well as for the combined array set. Briefly, a SNP with perfect genotype matching between two samples (for example, PBMC and LCL2 for A1 line) was assigned for the score of 2. A SNP showing half genotype matching or no matching between two samples was assigned for 1 or 0, respectively. Overall pairwise IBS distance between two samples was determined by dividing the sum of all SNP scores with two times of SNP numbers. We excluded the A5, A6, A7 and K2 strains from further analysis because concordance testing indicated that these LCL strains likely originated from different blood donors. In total, 16 LCL strains were used for further analyses (Table 1) .
Examination of large genomic aberration
To ensure possible genomic aberration detected by genotype mismatching and heterozygosity analysis, we calculated the Log R ratio or the B-allele frequency of PBMCs and LCLs. The PennCNV-affy software package was used to obtain the Log R ratio or the B-allele frequency from both NSP and STY data. The Log R ratio or the B-allele frequency was plotted on the chromosomal regions using the R statistics package (http://www.r-project.org).
RESULTS
We estimated genotype instability in LCLs and PBMCs across sample pairs from 16 of the 20 strains generated. Overall, the mean genotype call rates for samples were 98.1%, 98.4% and 98.3% for the STY array, the NSP array and these two arrays combined, respectively. To investigate the concordance of SNP genotypes between PBMCs and LCLs at six different propagation stages from the same line, we calculated the pairwise distance based on IBS analysis using the 500 568 SNPs (hereafter called original SNPs) represented in the Affymetrix 500K array set. The mean pairwise IBS distance of original SNPs between PBMC and LCLs was B0.995 ( Table 2 ), indicating that LCLs are generally a reliable source of DNA for genotyping with microarray-based DNA chips. To estimate within sample variation of genotyping, we randomly selected eight different LCLs and genotyped each sample twice using the separate array chips. Concordance rates between duplicates of the same sample ranged from 0.988 to 0.997. The mean concordance rate for overall test was 0.992 (Supplementary  Table 1 ). These results suggest that within sample variation resulted from genotyping can be disregarded in the estimation of the concordance rate between the LCLs and PBMCs.
Of the 500 568 SNPs, we further tested the concordance of SNPs that are most frequently used in GWAS (hereafter called GWAS SNPs). To select GWAS SNPs, we adapted SNPs that had been analyzed in GWAS for eight quantitative traits as a part of Korea Association Resource (KARE) Project, 16 which involves using the Affymetrix Genome-wide Human SNP Array 5.0 to genotype 500 568 SNPs. We selected 352 228 SNPs identified in KARE GWAS after excluding SNPs owing to a high missing genotype rate (45%), a low minor allele frequency (MAF) (o0.01) and significant deviation from Hardy-Weinberg equilibrium (HWE) (Po1 Â 10 -6 ). Overall mean genotype concordance (between PBMC and LCLs) was 0.996 for GWAS SNPs (Table 2) . Concordance tests involving the GWAS SNP set produced results similar to those obtained using the original SNP set (Figure 1 ). These results demonstrated that the LCLs are a suitable alternative to PBMCs as a source of DNA for genotyping experiments, such as GWAS.
To understand the source of mismatches of the LCLs, we calculated genotype concordance between PBMCs and LCLs for SNPs arbitrarily grouped according to the HWE P-value, MAF and genotype missing rate ( Table 3 ). The underlying assumption of the analysis is based on previous reports that SNPs with lower HWE P-values, lower MAF values and higher genotype missing rates tend to be associated with [17] [18] [19] We generated four groups based on the rates of missing genotypes (o1%, between 1-5%, between 5-10% and 410%), three groups according to HWE P-values of SNPs (HWE-P41 Â 10 -4 , 1Â 10 -4 XHWE-P41 Â 10 -6 and HWEPp1 Â 10 -6 ) and five groups according to MAF values of SNPs (MAFo1%, 1%pMAFo5%, 5%pMAFo10%, 10%pMAFo50% and MAFX50%). For grouping, we adopted SNP information on HWE P-values, MAF values and genotype missing rates that are available from KARE genome-wide scan data. 16 Regardless of LCL passage number, overall results showed no notable difference in concordance among groups in the same category (0.994 average concordance). We also attempted to identify the chromosomal regions most vulnerable to genotyping errors associated with LCL-derived DNA by scrutinizing genotype concordance across entire chromosomes. A high rate of genotype disconcordance between PBMCs and LCLs was observed on chromosomes 6p, 16q, 18p and 22q in the latepassage LCL strains A3, A10, K3, and A2 (Supplementary Figure S1) . In those LCL strains, loss of heterozygosity (LOH) was observed on the loci showing the highest rates of genotype disconcordance with PBMCs, suggesting that LOH might be the major cause of genotype errors for late-passage LCLs (450 passage) ( Table 4 and Supplementary Figure S2 ). This result indicated that LCLs at late stages of propagation are not reliable source of DNA for genome analysis.
The presence of LOH regions was further proved by detecting either the copy number loss of the large chromosomal region from the analysis of Log R ratio or the heterozygosity loss estimated from the B-allele frequency (about 0.5). Silent LOH showed no change in the Log R ratio but did substantial LOH in the B-allele frequency. 20 In this study, LOH by copy loss was observed on 6p of A3 (p100 and p160) (Supplementary Figure S3A) and on 18p of K3 (in P41, P100 and P160) (Supplementary Figure S3D) . Silent LOH was detected on 16q of A3 (in P100 and P160) (Supplementary Figure  S3B) , 16q of A10 (in P160) (Supplementary Figure S3C) and 22q of A2 (in P100 and P160) (Supplementary Figure S3E) .
DISCUSSION
We propagated human LCLs through as many as 160 passages and assessed their stability at selected stages of propagation by SNP genotyping. Overall, we observed no notable differences in genotype concordance between PBMCs and LCLs throughout the course of propagation. However, inspection of each chromosome revealed LOH in four late-stage LCLs. Thus, we recommend against using LCLs at a late stage of propagation for genome analysis, especially SNP genotyping. In addition, karyotype analysis before genotyping is desirable for LCLs subcultured through 450 passages. The detection of LOH at a specific chromosomal region should not be relied on concordance rates. When a genotype mismatching occurs due to LOH, the between sample IBS score for one SNP will be 1 as usual. As a result, the between sample IBS distance obtained from concordance analysis at a LOH region will be always 0.5. Therefore, LOH showed little effect on concordance rates. Indeed, it was estimated that the genotype mismatching caused by LOH occupies only a very small portion (0.27%) among a total of 1376 mismatches detected in 22q of A2 (Table 4) . In this context, additional measures such as Log R ratio and B-allele frequency should be thoroughly examined to analyze LOH in LCLs. Changes in B-allele frequency are specifically important variable to detect silent LOH 20 that cannot be detected by Log R ratio alone (Supplementary Figure S3) .
The mechanism underlying genomic aberration observed in LCLs during long-term subculture remains unclear. However, one plausible explanation is a double-strand break induced recombination. 21 Although the frequency of double-strand breaks is strictly regulated by the actions of nonhomologous end-joining proteins and tumor suppressor proteins such as p53, double-strand breaks sometimes produce genomic aberrations. 22, 23 Besides genomic changes, phenotypic changes such as activation of the NF-kB pathway and carcinogenesis-related genes have been associated with long-term subculturing of LCLs. 13 Profiles of these differentially expressed genes can be considered as genetic signatures of LCL immortalization or EBV-induced carcinogenesis. 13 Moreover, differential expression of nine microRNAs during long-term subculture of LCLs has provided a signature of terminal immortalization of LCLs that distinguishes this from the initial stage of EBV-mediated B-cell transformation. 12 Mohyuddin et al. 24 studied on microsatellite instability between blood and LCLs by analyzing mutation rate of 20 short tandem repeats on the non-recombining part of the Y chromosome. They reported that mutations were only 0.3% of the analyses. Our study is different from their work in the context of marker type (microsatellite vs SNP) and test region in the genome (Y chromosome vs all autosomes). In addition, Mohyuddin et al. 24 did not pay attention to the genomic instability that may be influenced by the propagation stages of LCLs.
Thus, to our knowledge, this is the first study to examine the effect of long-term subculturing on the genomic stability of LCLs. Our findings indicate that EBV transformation does not significantly affect the genotypes of LCLs. However, LCLs subjected to 450 passages through culture are not recommended for SNP genotyping owing to an unacceptable increase in the frequency of genetic artifacts. 
